The Kondapalli Layered Complex (KLC) is a dismembered mafic-ultramafic layered intrusion, mainly composed of gabbroic and anorthositic rocks with subordinate ultramafics and chromitite. Chromitite occurs as lenses, pods, bands and disseminations. Platinum group of minerals (PGMs) occur as inclusions within chromite and silicates. The study indicates an inhomogeneous distribution of PGMs and distinct dominance of IPGEs over the PPGEs. The average ΣPGE content of chromite of KLC varies from 64 ppb to 576 ppb with Pt ranging from 5 to 495 ppb, Pd 5 to 191 ppb, Ir 3 to 106 ppb, Ru 3 to 376 ppb and Rh 3 to 135 ppb. The PGMs identified in the KLC indicate primary deposition of the IPGE, preceding chromite, indicating its orthomagmatic nature. Most of the PGM grains are usually below 10 µm. The identified PGMs are Laurite (RuS 2 ), irarsite (Ir, As, S), iridosmine (Os,Ir), undetermined Os-Ir sulphide and Ru-Os-Ir-Zn alloys. Chromite also contains inclusions of pentlandite, millerite, chalcopyrite and pyrite. Study indicating that the KLC have orthomagmatic origin for PGE which are dominated by IPGE group and formed under surpa-subduction zone peridotite setting.
Introduction
The platinum group elements (PGEs), including Os, Ir, Ru, Rh, Pt, and Pd, are strongly siderophile and chalcophile elements. They have similar geochemical behaviors during magmatic processes. Traditionally, the PGEs are subdivided into two groups, the compatible IPGEs (Os, Ir, and Ru) and the incompatible PPGEs (Rh, Pd, and Pt) [1] . It has been suggested that the IPGEs are refractory and tend to be retained in the mantle peridotites during partial melting [2] . In contrast, the PPGEs are concentrated in the base metal sulphides (e.g., pentlandite, chalcopyrite), which are released to the melts along with the molten sulfide melts [2] . Magmatic chromite deposits (chromitites), which are the only source of chromium, may carry subeconomic to ecomonic amounts of platinum-group of elements (PGE). In India, there are at least three well documented chromite-bearing PGE prospects reported in association with ultramafic complexes: Baula-Nausahi in Orissa [3] , Sittampundi in Tamil Nadu [4, 5] and Channagiri in Karnataka [6] [7] [8] . The PGE mineralization in Baula Nausahi complex occurs in two environments, the first type is Ptdominated PGE, which is orthomagmatic in origin, and the second type is pd-dominated PGE, which is hydrothermal in origin. The Sittampund complex is predominantly a ptdominated type, which occurs in the form of sulphides and sulfarsenides of both PPGE and IPGE groups. In Channagiri complex the central fine-grained ultramafite and the chromiferous lenses in the magnetite host PGE mineralization of commercial interest with Pt+Pd values ranging from 1.5 to 6 ppm. The ultramafics occur as discontinuous bodies in the KLC along the N-S axial plane of regional fold ( Figure 1 ). PGE mineralization in the KLC is IPGEs dominated, and occurs as micrometric PGMs inclusions within chromite and silicates. In this paper we present a comprehensive investigation of PGE geochemistry and mineralogy as well as the composition of chromian spinels obtained in selected samples of the KLC chromitites. Our data confirm the importance of chromitites as petrogenetic indicators and collector for these PGMs.
Geological Setup
The area of interest is regionally covered with rocks of Eastern Ghat Mobile Belt (EGMB) and Peninsular Gneissic Complex (PGC). The EGMB mainly consists of high grade metamorphic rocks of khondalite and charnockite group, while the PGC is dominated by hornblende-biotite granite/gneisses. The KLC is intrusive into the EGMB, which is complex in terms of lithological set-up [9] . The KLC is dominated by gabbroic to anorthositic rocks, with subordinate ultramafics rocks (orthopyroxenite, websterite, clinopyroxenite, dunite and harzburgite) in which orthopyroxenite host chromite mineralization. The chromiferous ultramafic bodies are displaced and occur in an en-echelon pattern due to later shearing along axial plane of regional fold. The ore bodies are discontinuous, few meters thick with limited strike extension ( Figure 1 ) [10] [11] [12] [13] [14] [15] . Chromite occurs as lenses, pods, pockets (Figure 2A , 2B), bands (Figure 2C ) and as disseminations within orthopyroxenite. The host pyroxenite mostly weathered and altered to talc and serpentinite ( Figure 2B ). The nature of chromite mineralization is similar in all four studied quarries: Gangineni, Loya, Binny and Nakkerlapadu ( Figure 1 ). The lenses and pods of chromites are observed at Gangineni, Loya, Binny, while bands and disseminations of chromite are observed in Nakkerlapadu.
Analytical techniques
Petrographic studies of Chromite and pyroxenite were carried out by using LEICA DM RX, at the SR lab, GSI, Hyderabad. The PGM along with sulphides and oxides mineral phases were analysed by EPMA (CAMECA SX-100) fitted with five Spectrometer at Petrological Laboratory, GSI, Hyderabad. A beam of 1µm diameter was used with an accelerating voltage of 20 kV and beam current of 15 nA for sulphides and PGM. Working conditions for oxides were 15 kV voltage / 12 nA beam current. Natural standards were used for all elements except Mn and Ti for which synthetic standards were used. The raw analytical data were corrected with a PAP matrix correction program. The PGE (Pt, Pd, Rh, Ir, Ru and Os) analysis was cross checked with ICP-MS, at GSI lab, Hyderabad as per the procedure developed by [16] 
Ore petrography and Geochemistry
The pyroxenite is dark green in colour and coarse to medium grained in nature. It contains equal amounts of clinopyroxene and orthopyroxene, corresponding to websterite as per IUGS nomenclature [17] , shows granoblastic texture with sharp grain boundaries, often exhibiting 120 ∘ equilibrium intersections ( Figure 3B ). [18] . The chromite mineralization started early and the main chromite formation took place at the pyroxene stage which is confirmed by the presence of pyroxene inclusions within chromite and also as matrix phase in chromitite ( Figure 3B , C). The pentalandite, millerite and pyrrhotite along with magnetite and ilmenite, occur within the chromitite. Chromite grains often show core to rim variation from Crrich to Fe-rich composition. After settling, chromite continues to react with the inter-cumulus magma and becomes enriched in Al and Fe [19] . Partial resorption or oxidation remelting may modify chromite composition by producing magnetite-enriched rims. 
PGE Mineralization in KLC
The PGM are usually less than 10µm in size, mostly subhedral, and occur as inclusions within chromite and pyroxene. Most of the identified PGMs are laurite (RuS 2 ), Irarsite (Ir, As, S), Iridosmine (Os,Ir), minor PGE-sulfides/ alloys of (Ir + Os + Zr) and (Ir + Os + S) ( Figure 4A, B, C & D) . The average ΣPGE content of the studied chromite from the KLC is low, mainly below 600 ppb (Table 2) . However, the PGE content varies from Pt (5 to 495 ppb), Pd (5 to 191 ppb), Ir (3 to 106 ppb), Ru (3 to 376 ppb) and Rh (3 to 135 ppb, indicated that PGE distribution is inhomogeneous, probably due to the random occurrence of PGMs inclusions in the chromite due to nugget effect. Chondrite normalized PGE patterns plot between 0.005 and 0.6 values of CC1. These chondritic values of CC1show irregular shape (with Ir and Pt negative anomalies relative to other PGE) and relatively high patterns for Ru, followed by smooth negative slopes from Ru to Pd ( Figure 5E ). The chondrite-normalized pattern of chromite associated pyroxenite of KLC is comparable with the chromitites, which indicates they are generated from the same source of magma. The KLC is characterized by negative slope of chondrite-normalized PGE plots, being enriched in Os, Ir and Ru (IPGE) and depleted in Pt, Pd, which indicated the sulfide free nature of chromitites. The high (Os+Ir+Ru)/(Rh+Pt+Pd) ratios in chromitites is typical and indicate that the chromitites were formed in the mantle section of supra subduction zone ( Figure 5C and D).
Discussion
The presence of primary inclusions of PGMs can be interpreted by two possible methods [20, 21] . First, an immiscible sulphide PGE/ silicate liquid trapped during chromite precipitation crystallizing at lower temperatures to form PGM sulphide and silicate inclusions. Second, an immiscible PGE alloy liquid is trapped during chromite precipitation and converted to a PGM sulphide by sulphurization [22] . In other possibilities the chromite precipitation may also produce a local increase of sulphur due to Fe 2+ extraction from the magma [23, 24] . The increase of sulphur due to chromite precipitation may be sufficient to convert PGE alloys to sulphides [22] , and can be compared with occurrence of PGM in KLC. The KLC magma rich in MgO, SiO 2 and Cr -which is basically shows boninitic or high-Mg andesite in composition [25, 26] Ni 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 an island arc basalt affinity and clearly fits in the field of supra subduction zone residual peridotites [27] [28] [29] , which shows the stratiform layered type petrogenetic setting for the KLC chromitites ( Figure 5 ). The parental melts of KCL chromitites define a continuous trend from Al 2 O 3 -poor to Cr-rich composition which suggests differentiation of a single melt with an initial composition well within the arc field [30, 31] . The chromite shows continuous variation from the Cr-rich to intermediate and aluminous compositions which is interpreted as due to the fractionation of a single batch of magma that was rapidly differentiating over short distances.
There is a general consensus that high-Cr (Cr/(Cr+Al)>0.70) chromitites that crystallized from boninitic melts in supra subduction zone settings have PGE patterns characterized by high (Os+Ir+Ru)/(Rh+Pt+Pd) ratios and have very low Pd+Pt content ( Figure 5E ) [32] [33] [34] [35] [36] . These variations are strictly related to sulfur saturation in the melt during chromite precipitation [50, 52, 53] . Boninites are probably the most sulfur-undersaturated mafic magmas, because they have formed from a severely depleted mantle source that has lost most, if not all, of its original sulphide [36] . This implies that the conditions for sulfur saturation rarely occur during crystallization of Cr-rich chromitite within mantle [31] . In that case, in low degrees of melting, the chalcophile Rh, Pt, and Pd (PPGE) are forced to remain in the melt, whereas the high-refractory and siderophile Os, Ir, and Ru (IPGE) were removed from the melt and trapped as nano-sized crystals in precipitating chromite. This similarly supports the view that all the chromitites of KLC were derived from a common parental melt with a boninitic PGE signature, with no apparent fractionation between IPGE and PPGE during melt differentiation / fractional precipitation. Mineralogy and textural relations indicate that most of the PGM in the KLC chromitite have crystallized at high magmatic temperatures, prior to or concomitant with precipitation of chromite. Experimental data [37] supported by a large number of natural observations [38] [39] [40] [41] [42] [43] [44] [45] 51] indicate that laurite is in equilibrium with Os-Ir-(Ru) alloys at a temperature of 1300 ∘ C and relatively low sulfur fugacity (f S 2 ). Laurite becomes progressively enriched in Os with decreasing temperature and increasing sulfur fugacity, up to the stability field of erlichmanite. The primary mineral assemblage is dominated by sulfides of the laurite-erlichmanite series, suggesting that sulfur fugacity, although well below the sulfur saturation threshold, was high enough to prevent precipitation of Os-Ir-(Ru) alloys at high temperature [31] . This feature may not be readily reconciled with the inferred low sulfur fugacity condition of boninites [31] , and suggests that the boninitic melt might have assimilated some relic sulfide phase during interaction within the country rock mantle peridotite. The crystallization of laurite scavenged Ru from the melt (or Ru from Ru-bearing alloys) and, with decreasing temperature and increasing f S 2 , Os is progressively incorporated into the laurite lattice because the partition coefficient of Os varies between laurite-silicate melt and significantly increases with falling temperature [37] . The Os, Ir, and Ru fractionation into chromite could be caused by their high partition coefficient between chromite and melt [46, 47] . During coarsening coalescence of chromite nuclei, micro-nuggets of alloy and laurite grains were trapped in chromite grains [42, 48, 49] . The enrichment of Os, Ir, and Ru relative to Rh, Pt, and Pd in the KLC suggests that during the formation of the chromitites only Os, Ir, and Ru could be effectively concentrated in chromite.It indicated that inclusion of PGM phases in chromite formed due to primary magmatic processes in which laurite and Ru-Os-Ir alloy are stable at chromian-spinel based liquidus temperature. The KLC chromitite associated PGE mineralizations are considered as orthomagmatic formed by primary magmatic processes. Both genetically and geochemically, they can be compared with similar other complexes in India as well as other parts of the world.
Conclusions
The chromite crystallization in the KLC ultramafics occurs without the development of sulphide immiscibility because of the sulphide-undersaturated nature of primary boninitic magma. The recorded PGMs, which form by primary deposition of IPGE preceding the crystallization of chromite, indicate its orthomagmatic nature. Mineralogy and textural relations show that the PGM has crystallized at high magmatic temperatures and occurs as inclusion within the chromite and pyroxene, which have acted as the main collector of the early formed PGE from the magma at the initial stage of crystallization & fractionation.
The PGMs occur as micrometric inclusions randomly disseminated in the chromite and silicates during precipitation, indicating inhomogeneous distribution of PGE mineralization in chromitite.
Laurite is formed at high temperatures and relatively low sulfur fugacity (f S 2 ), while (Ru-Ir-Os) alloy forms at decreasing temperatures due to the low sulfur saturation conditions in the magma. The mineralization in the KLC tends to be enriched in Ru, Ir and Or but relatively poor in Ni, Cu, Pt, Pd and Au. Similar examples are recorded in the layered intrusions Table 1 .
worldwide, which show IPGEs are distinctly enriched over the PPGEs. The low concentration of ΣPGE (i.e., less than 600 ppb) makes it uneconomic like some similar complexes worldwide.
